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Promising results on the behavior of CuO/CuFe2O4 sputtered thin films as a sensingmaterial under carbon
dioxide atmospheres are presented in this article. More specifically, we report the effects of preparation
parameters and microstructure of the sensing layer on the response to CO2. FEG-SEM images and XPS
measurements revealed the two-stacked layers rearrangement of samples after air annealing as a key
parameter in gas sensing test. The influence of the sensing layer thickness and the influence of Ag as an
additive in the film on the response are also reported. The best response was obtained at the optimal
operating temperature of 250 ◦C with a thin film deposited under low argon pressure and low target-to-
substrate distance, reaching 40% towards 5000ppm of CO2.
1. Introduction
Semiconductor nanocomposites with p–n junction were
reported in the literature as the most performing materials for
gas sensing regarding operating temperature and response. Ishi-
hara et al. [1] introduced the CO2 gas sensing using a composite
oxide/BaTiO3 junction. Several studieswereperformedon the com-
parison of different oxides combined with BaTiO3 such as PbO,
MgO, CaO, NiO or CuO [1]. As a result, CuO/BaTiO3 exhibited the
highest response to CO2 with a relatively low operating temper-
ature in comparison with other oxides. Other groups replaced
the perovskite phase by either another perovskite phase [2] or
other oxides having rutile structure [3,4]. From then on, several
research groups worked on this composite [5–8] by changing the
way of elaborating this material. Indeed, many studies have been
carried out on thin [5,9,10] and thick films [1,6,8,11]. Thin films
show higher repeatability in fabrication process, better control on
fabrication parameters and better conditions in mass production,
which allows lower costs than thick film techniques. In this work,
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radio-frequency (RF) sputtered CuO/CuFe2O4 semiconductor thin
films are used as sensitive material. It has been already demon-
strated [12] that the CuO/CuFe2O4 composite was sensitive to CO2.
In the present work, some of the key aspects concerning the
electric response under CO2 of CuO/CuFe2O4 thin-films are corre-
lated with the microstructure characterization thanks to scanning
and transmission electron microscopy and X-ray photoelectron
spectroscopy analyses. The effects of preparation parameters,
microstructure, as well as the influence of silver doping on the
sensitivity of the CO2 sensor are also described.
2. Experimental
2.1. Preparation of the gas sensitive elements
Thin films were deposited by RF-sputtering technique using
a CuFeO2 ceramic target according to the preparation described
by Chapelle et al. [13]. Thickness calibrations were performed
with a Dektak 3030ST profilometer. Process parameters for the
as-deposited samples are given in Table 1. In order to obtain
the CuO/CuFe2O4 nanocomposite, the as-deposited films were
annealed at 450 ◦C in air for 12h. After heat treatment, gold inter-
digitatedelectrodesweredepositedon the surfacebydirect current
Table 1
Summary of deposition parameters.
Referencing of deposition conditions P0.5d5 P2d8
Target material CuFeO2
Substrates Fused silica glass, silicon, quartz
Power (W/cm2) 3.5
Argon pressure P (Pa) 0.5 2.0
Target to substrate distance d (cm) 5 8
P×d (Pa cm) 2.5 16
Deposition rates (nm/min) 6.77 3.75
(DC)-sputtering. Finally, our simplified test device consisted of a
substrate, the oxide sensitive layer and two gold electrodes.
2.2. Microstructural characterizations
The microstructure of thin films were examined with a Jeol
2100 field emission gun Transmission Electron Microscope (TEM)
and a Jeol JSM 6400 field emission gun Scanning Electron Micro-
scope (SEM). A Thermo Scientific K-Alpha apparatus was used for
X-ray photoelectron spectroscopy (XPS) measurements, using a
monochromatic Cu Ka radiation with a 400mm spot size. Peaks
were scannedat 50eVpass energy. The spectrometerwas equipped
with ions gun to realize depth profile by etching technique. Flood
gun was used to minimize charging effects. The binding energies
(BE) were referenced to the 1s carbon peak (atmospheric con-
tamination) at 284.6 eV. The structure of thin films was examined
by Glow-Discharge Optical Emission Spectrometry (GD-OES) mea-
surements. GD-OES allows fast compositional depth-profiling from
the nanometer range up to several hundreds of micron in depths.
The depth resolution of this technique is of a few nanometers for
thin layers, but increases for thicker layers to reach a fewpercent of
the total sputtered depth. The major advantages of the technique
are its speed and ease of use. The optical emission measurements
were all conducted on the instrument referred to elsewhere [14],
a Jobin Yvon JY 5000 RF instrument equipped with a Hi LightTM
133-Dressler GmbH 13.56MHz RF generator capable of supplying
constant real power, constant applied RF-voltage, or constant DC-
bias voltage, and also capable of being operatedwith continuous or
pulsed RF power.
2.3. CO2 sensing measurements
The impedance of the sensing layer was measured by a Fluke
PM6306 RCL-meter. The experiments were carried out from room
temperature to 500 ◦C, using a tube-type furnace with a pro-
grammable temperature controller. The total gas flow was fixed at
100 cm3/min. Two gas bottleswere used, onewith synthetic dry air
Fig. 1. X-ray diffraction patterns of (a) as-deposited layer and (b) the bilayer
obtained after air annealing at 450 ◦C.
and the other one with the same dry air including a concentration
of 5000ppm CO2 which is the most often used in the bibliogra-
phy. The response to CO2 is defined as the relative difference of the
film resistance between air and CO2 atmosphere (RCO2 − Rair)/Rair,
where RCO2 is the resistance of the film registered in CO2 atmo-
sphere andRair is the resistance in air (bothmeasured in twoprobes
mode).
3. Results and discussion
3.1. Importance of the two-stacked sensitive layers architecture:
the key role of the elaboration process
The microstructure of the CuO/CuFe2O4 composite has been
detailed previously [15] by the present authors. This material can
be described as a self-organized bi-layered architecture made of a
thin CuO porous cover layer on the top of a thicker CuFe2O4 heart
layer. Due to their specific self-organization in p- and n-type lay-
ers, such films prepared by simple air annealing on as-deposited
samples, exhibited significant response to CO2 [12]. X-ray diffrac-
tion studies have shown that as-deposited layers contain metallic
copper particles dispersed in a nanocrystalline oxidematrix (Fig. 1,
pattern a). After post-deposition annealing, themetallic copper and
copper (I) species oxidize in cupric oxide (CuO) (Fig. 1, pattern b)
which is obtained at the surface of the film.
This particular self-organization in two-stacked layers after
annealing step was systematically observed for all samples ana-
lyzed as shown in Fig. 2a and b by SEM and TEM cross section
views respectively. XPS and electron probe micro-analysis studies
Fig. 2. (a) SEM and (b) TEM micrographs in cross section view of P0.5d5 sample annealed 12h at 450 ◦C in air.
Fig. 3. GD-OES profiles of a 50nm thick film deposited at P0,5d5 on quartz sub-
strate and annealed in air. Zones 1 and 2 represent the CuO cover layer and the
CuO/CuFe2O4 heart layer respectively.
revealed that the surface layer consisted of CuO upper layer while
theheart layerwas composedof CuFe2O4 [15].However thesemea-
surements were only performed on 300nm thick films, and have
not been carried out on thinner ones.
Although, GD-OES experimentswere realized on 300 and 50nm
thick deposited films. This technique allows us to establish a
rapid elemental concentration profiling along the depth of the
film/substrate, faster than dynamic secondary ion mass spec-
troscopy and the results are more easily quantified [16]. The
bilayer structure was observed for both 300 and 50nm thick films,
annealed at 450 ◦C in air. Fig. 3 shows the profile of the different
elements present in the 50nm thick film. The analytical signal is
significantly above the background signal. The three areas iden-
tified are consistent with the structure previously revealed by
XPS measurements [15]: zones 1 and 2 correspond to the bilayer
CuO/CuFe2O4, respectively, and zone 3 to the substrate. Thus, GD-
OES experiments confirm that the CuO/CuFe2O4 bi-layer structure
that was only observed previously in the 300nm thick films is also
obtainedwithour two-stepprocess (deposition/oxidation) on thin-
ner sensitive films.
In the case of the composite CuO/BaTiO3, Liao et al. [6] proved
that the elements CuO and BaTiO3 taken separately were not sen-
sitive to CO2, whereas the CuO/BaTiO3 composite exhibited good
performances. In the other hand, we have already demonstrated
[12] that the CuO/CuFe2O4 bilayer was sensitive to CO2 but the
sensitivity of the single CuFe2O4 phase toward this gas was how-
ever never checked.We then prepared a CuFe2O4 layer by chemical
attack with NH4OH (28%) on the annealed composite bilayer to
dissolve the CuO layer located on top of the copper ferrite layer.
Single CuFe2O4 phase characteristic peaks were observed by X-
ray diffraction and Raman spectroscopy (not shown here) after the
complete removal of the CuO cover layer by this selective chem-
ical etching. Finally, no electrical measurement could be carried
out on the CuFe2O4 single layer below 400
◦C due to its resistance
which becomes too high. Finally, the original rearrangement of the
as-deposited thin film into two layers, during the oxidizing anneal-
ing, offers the possibility to detect CO2, whereas the two elements
which are separated are not sensitive to this gas.
This composite material is new and until now no sensing
mechanism has been clearly established. It remains quite similar
to the CuO–BaTiO3 composite material studied by Herran et al.
[5], the most probable assumption is that sensing mechanism of
CuO–CuFe2O4 bilayer could be controlled by the work function
variations of p–n heterojunction between CuFe2O4 (n type) and
CuO (p type). Sensing reactions remain to be studied and defined
precisely. In our case, the use of dry air in our experiment can lead
Fig. 4. FEG-SEM planar and cross section micrographs of sample annealed (a) 12h
at 450 ◦C in vacuum and then (b) 12h at 450 ◦C in air.
to the formation of iron and/or copper carbonates activated both by
oxygenandcarbondioxide.According to researchworkofMendayo
et al. [17], CO2 sensing tests underwet air could lead to an enhance-
ment of the response due to the formation of bicarbonate species
concomitantly at the surface of thematerial. Such experimentswill
be carried out in a near future.
This specific two-stacked sensitive layers architecture was
obtained by a controlled ex situ oxidation process [15] of as-
deposited filmnanocomposite [13]. In this process, metallic copper
and copper (I) species oxidize in copper (II) oxide and diffuse up to
the cover layer concomitantly. If the metallic copper particles first
migrate to the surface and then, oxidize into CuO in two indepen-
dent thermal treatments, this could affect the crystallite size and
shape of the active cover layer. According to the literature [18,19],
thesemicrostructural characteristics couldhavean influenceon the
electrical properties of metal oxides, and then onto the response
to CO2. The microstructure of a P0.5d5 as-deposited sample was
then investigated by SEM after an alternative preparation process
consisting in two successive annealing treatments under vacuum
(12h at 450 ◦C) and under air (12h at 450 ◦C) instead of a direct
air annealing of the as deposited sample. During the first anneal-
ing, metallic copper particles contained in the as-deposited sample
migrate to the surface by a phenomenon of coalescence and then,
during the second annealing, CuO grains gathered at the surface of
CuFe2O4 heart layer as shown in SEM micrographs in Fig. 4a and
b, respectively. As a result, none electrical measurement could be
recorded due to the discontinuity of the CuO upper layer and the
highly resistive CuFe2O4 under layer. This confirms that stacking
CuO over CuFe2O4 is not a sufficient condition to be CO2 sensitive,
microstructure has also a large influence on the sensing properties
and our two steps (deposition/oxidation) process play also a great
role during the preparation of the bilayer.
3.2. Influence of the thickness
Samples with two different thicknesses have been deposited
under low argon pressure and low target-to-substrate distance
(P=0.5 Pa and d=5 cm, respectively, and called P0.5d5 in this work)
in order to compare the response of CuO/CuFe2O4 bilayer within
carbon dioxide atmosphere (5000ppm CO2). Fig. 5 shows the evo-
lution of the response as a function of operating temperature for
these two samples with thicknesses set at 50 and 300nm for the
as-deposited samples. We can see that the thinner film presents
Fig. 5. Response evolution (under 5000ppm CO2) as a function of operating tem-
perature for 50 and 300nm thick samples.
Table 2
Sensing characteristics of 50 and300nm thick samples for 50 and300nm thick sam-
ples, |R|, t90% and tr90% are response, response time and recovery time, respectively
(tests carried out under 5000ppm CO2).
Thickness (nm) Toperating (
◦C) |R| (%) t90% (min) tr90% (min)
50 250 40 55 8
300 370 15 150 15
both high response of 40% and low optimal operating temperature
around 250 ◦C. In comparison, the 300nm thick film has an optimal
operating temperature that is shifted to about 350 ◦C associated to
a strong decrease of the response.
Table 2 gives response (R) and recovery times (t90%) of
these films deposited with two different thicknesses. Both values
decrease when the thickness decreases. These results are in good
agreement with the literature [9,20].
Seo et al. [21] demonstrated that the control of morphology of
the sensing layer is very important to optimize the response char-
acteristics of a material. They proposed especially [22] a model
that describes the relation between the sensitivity and the gas
diffusion. Thus, the sensitivity and response rate tend to increase
when the thickness of the sensing layer decreases and its porosity
increases. The microstructural characteristics [15] of the sample
deposited with P0.5d5 conditions are given in Table 3. Initially,
the as-deposited layer had a thickness of 300nm. After the heat
treatment carried out to oxidize the film, the thickness became
390nm and the cross-section observation by SEM determined that
the thickness of the CuO cover layer was about 120nm. GD-OES
measurements proved that the bilayer structure was conserved in
the thinner film. Then, by using a proportionality relationship, we
estimated that for the 50nm thick as-deposited sample, the thick-
ness of the copper oxide cover layer after the oxidation step is near
20nm. The porosity is assumed to stay at a constant value of 40%
due to the similar oxidation phenomena of metallic copper during
theoxidationphase.According to the sensingmechanismexpected,
the work-function of p–n heterojunction should change due to the
carbonationof the surface. The fastest and thehighest CO2 response
with a lower operating temperature of the thinnest P0.5d5 sample
that has a thinner CuO cover layer (20nm instead 120nm for the
thicker sample) could be due to a better gas diffusion from sur-
rounding atmosphere to the p–n interface through the CuO porous
layer. Moreover, the comparison of the SEM view of these samples
shows that thinner CuO cover layer has much smaller grains than
the thicker one (Fig. 6),which can also lead to an increased response
[23].
3.3. Influence of the deposition conditions
The electric response towards CO2 of the P0.5d5 sample was in
a second time compared with a new sample elaborated at high
argonpressure andhigh target-to-substrate distance (P=2.0 Pa and
d=8 cm, respectively, and called P2.0d8 in this work). These exper-
imental conditions were chosen because they lead to a different
microstructure than that of P0.5d5 samples. To compare the two-
stacked architecture with those obtained with P0.5d5 condition,
the microstructural characteristics of the sample deposited with
P2.0d8 conditions were investigated for an initial as-deposited film
thickness of 300nm. They are reported in Table 3. However, for the
sensing measurements, the as-deposited thickness of this second
sample was fixed at 50nm to enhance the response of the sensi-
tive layer according to the results showed previously. The response
as a function of operating temperature for the sample P2.0d8 had a
trend similar to that seen for the P0.5d5 film. Particularly, the opti-
mal temperature was also obtained for an operating temperature
close to 250 ◦C. The sensing characteristics of these two samples,
determined at 250 ◦C, are compared in Table 4.
The best response is obtained for the sample P0.5d5. Moreover,
response and recovery times are twice shorter in the case of the
Fig. 6. FE-SEMmicrographs in-plane view of P0.5d5 samples annealed 12h at 450 ◦C under air: (a) thickness of the CuO cover layer closed to 120nm and (b) thickness of the
CuO cover layer estimated at 20nm (see Table 3).
Table 3
Microstructural characteristics of the samples deposited at P0.5d5 and P2.0d8 . The total thickness and the thickness of the CuO cover layer for the 50nm thick samples were
estimated by using a proportionality relationship.
Sample P0.5d5 P2.0d8
Thickness of the as-deposited film 300nm 50nm 300nm 50nm
Total thickness of the film after 450 ◦C/12h air annealing 390nm 50×390/300=65nm (estimated) 310nm 50×310/300=52nm (estimated)
Thickness of the CuO cover layer 120nm 50×120/300=20nm (estimated) 60nm 50×60/300=10nm (estimated)
Porosity of the CuO cover layer 40% <5%
Table 4
Sensing characteristics of the samples deposited at P0.5d5 and P2.0d8 |R|, t90% and
tr90% are responses, responses times and recovery times respectively (tests carried
out under 5000ppm CO2).
Sample Toperating (
◦C) |R| (%) t90% (min) tr90% (min)
P0.5d5 250 40 55 8
P2.0d8 250 32 100 20
P0.5d5 sample than the P2.0d8 one. These improvements are linked
to the two-stacked layers microstructures.
Microstructural characteristics (Table 3) show that the P2.0d8
sample has a CuO cover layer which is dense. Fig. 7 exhibits the
variation of the porosity of the CuO cover layer as a function of the
deposition conditions. In comparison, the P0.5d5 sample has a cover
layerwhich is twotimes thickerandhasahighporosity close to40%.
Using a proportional relationship for a 50nm thick as-deposited
sample, we estimated that after oxidation annealing we obtain, for
the P2.0d8 sample, a dense CuO layer with a thickness of 10nm, and
for the P0.5d5 condition a 20nm thick layer of copper oxide highly
porous. Theaccessibilitywhich is thenmuchbetter in thecaseof the
latter can then explain the higher response and the lower response
time of the sample deposited with P0.5d5 conditions.
3.4. Influence of the substrate
XPS measurements were realized on films deposited on con-
ventional glass substrate. After annealing in air for long duration
at 500 ◦C, some alkaline elements are supposed to diffuse into the
thin film [24–26]. Fig. 8 presents a survey scan of a 100nm P0.5d5
sample after 12h of air annealing at 500 ◦C. The spectrum shows
photoelectron lines of a Cu2p, O1s, C1s, Au4f, Na1s and the Auger
lines LMM. The presence of gold is due to the electrodes deposited
on the surface of the sensing layer for a better electrical contact
during the gas sensing tests. The XPS peak of Na observed in the
high resolution scan (Fig. 8, inset) imply that sodiummigrates from
the glass substrate into the thin film. This diffusion of the sodium
Fig. 7. Variation of the porosity in the CuO layer after air annealing as a function of
the factor pressure×distance (deposition conditions).
Fig. 8. XPSof 100nmCuO/CuFe2O4 sample deposited on glass substrate Survey scan
and high resolution scan for Na1s inset.
contained in the substrate could have an influence on the sensing
response of the composite layer.
In order to avoid the migration of any alkaline element, sen-
sitive layers were deposited on quartz substrate with the same
sputtering conditions (P0.5d5). As for layers already prepared on
glass substrates, the samples were oxidized at 450 ◦C for 12h to
form the CuO/CuFe2O4 composite layer and then mounted in the
cell to be tested. Due to the use of this substrate, no alkaline ele-
ments could migrate during the annealing step. Fig. 9 presents a
transient response of the sample under 5000ppm CO2 with one
hour pulse duration. High and repeatable response values closed
to 30% were obtained. However, for 3h pulse duration which is
enough to get the saturated response, we measured a value close
to 40% which is similar to the recorded response of the samples
deposited on glass substrates. In conclusion, we have not noticed
any influence of the sodium diffusion into the sensitive layer.
Fig. 9. Transient response at 250 ◦C (under 5000ppmCO2) for a 50nm thick sample
deposited on quartz substrate.
Fig. 10. Response evolution of samples with or without silver additive (t90% is
response time).
3.5. Influence of silver as additive
The presence of additive nanoparticles at the surface or in vol-
ume can modify significantly the metal oxide behavior leading to
the enhancement of the response towards a gas, as well as to a
better gas selectivity [8]. About three nanometers of silver were
then sputtered on the surface of a 50nm P0.5d5 deposited sample.
The silver film is too thin to be continuous and then nanometric
islands grow on the surface of the bilayer. The size of the silver par-
ticles after annealing at 450 ◦C is difficult to determine and could
not be obtained by FEG-Scanning Electron Microscopy or Atomic
ForceMicroscopy. Due to the temperature used for the sensing test
(250 ◦C) the silver remains at the metallic state [27]. Fig. 10 shows
that themetallic silver, which cannot be substituted for the cations
of iron or copper, improves the response of about 25% compared to
a layer without this ultra-thin silver deposition.
Herrán et al. [5] demonstrated that the main physical detec-
tion mechanism is based on a work function variation of the
p-/n-semiconductor hetero-junction. The introduction of silver as
a metallic additive enhances the sensitivity. This phenomenon is
explained by a metal/semiconductor junction. Ishihara et al. [28]
also demonstrated that the addition of small amounts of metal or
metal oxide onto CuO/BaTiO3 was effective in increasing the sen-
sitivity and selectivity to CO2. They especially found that Ag was
the most desirable additive from the standpoint of sensitivity and
operating temperature. However themechanisms remain not clear
at the present.
4. Conclusion
Thin films were deposited by RF-sputtering from a CuFeO2
target varying argon pressure and target-to-substrate distance.
The sensing layer was obtained after an air annealing for 12h at
450 ◦C. Self-organization of the sample after air annealing induced
a p-CuO/n-CuFe2O4 bilayer structure. GD-OES experiments con-
firm that the CuO/CuFe2O4 bi-layer structure is obtained on film
depositedwith P0.5d5 conditions and for thicknesses of 50nmmea-
sured in the as-deposited state. This latter filmwas found to be the
sample exhibiting the highest response to 5000ppm of CO2 due to
thin and highly porous CuO upper layer. XPS experiment showed
that alkaline element could diffuse from the interfacewith the con-
ventional glass substrate during the oxidation annealing. However,
sensing layer deposited on pure quartz substrate could not lead
to a higher response to CO2. On the other side, deposition of sput-
teredsilvernanoparticlesat the surfaceof thebilayer could improve
the response by 25%. These results confirm that nanostructured
CuO/CuFe2O4 bilayers are promising candidates for future cheap
semiconductors CO2 sensors. However, to be fully interesting for
a future industrial application, further additional tests have to be
carried out to determine the cross-sensitivity with various gases
and the influence of the humidity on the response.
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